INTRODUCTION

1
In contrast with the diversity of ORI sequences, the six subunits of ORC are conserved among all 1 eukaryotes studied (Bell and Dutta, 2002 ). An important exception arose with the identification of 2 the gene encoding the Orc4 subunit of S. pombe (Chuang and Kelly, 1999) . This protein contains a 3 carboxy domain of about 450 aminoacids homologous to the Orc4 protein in other eukaryotes in 4 addition to a -so far exclusive-amino domain of a similar size that includes nine AT-hook motifs 5 capable of binding A+T-rich stretches 4-8 bp long in vitro regardless of their primary sequence 6 (Reeves and Beckerbauer, 2001 ). This domain is not required for the assembly of ORC in vitro, 7 but mutant complexes lacking it are unable to bind to ORIs (Lee et al., 2001 ) and this is probably 8 the reason why the expression of the carboxy domain alone cannot rescue the lethal phenotype 9 caused by absence of the wild-type protein (Chuang et al., 2002) .
10
This two-component system made up of A+T-rich ORIs and Orc4p provides a reasonable 11 explanation of how ORC is targeted to specific sites on the genome to initiate replication.
12
Nevertheless, this general model still leaves unanswered the question of how ORIs are specified in 13 the S. pombe genome; i.e., which are the minimal requirements in terms of size and base 14 composition for a genomic region to recruit ORC and initiate replication. This question is relevant 15 because only a small proportion of intergenic regions display detectable ORI activity in the 16 genome (Gómez and Antequera, 1999; Segurado et al., 2003) and bind ORC in vivo (Hayashi et 17 al. 2007 ) despite having an average composition as high as 70% A+T.
18
In this study, we have found that ORIs in the S. pombe genome range from short A+T-rich 19 elements to initiation zones made up of several degenerate elements each of which has the 20 potential to drive replication individually. These results dramatically reduce previous estimates of 21 ORI size in S. pombe based on plasmid assays and have led to the finding of a new class of low- 
RESULTS
1
Artificial A+T-rich DNA fragments specify active replication origins in S. pombe 2 Previous work from several laboratories has proposed that ARS elements in S. pombe are large 1996) and in the chromosome (Takahashi et al., 2003) . These studies have invariably used S. 7 pombe DNA either as a donor for ARS assays or have manipulated endogenous genomic 8 sequences to identify relevant functional elements. We have taken a more radical approach to 9 address the question of what are the minimun requirements to specify active ORIs by asking 10 whether custom-made synthetic DNA fragments covering a range of sizes and A+T content could 11 mimmic the activity of endogenous ORIs.
12
As a first step, we synthesized three sets of DNA fragments 100 bp long with an A+T content of 13 75%, 83% and 90%, respectively. Every 100 bp monomer within each class had a different 14 sequence and none of them derived from S. pombe or showed significant similarity to any These results indicated that A+T-rich DNA sequences alien to the S. pombe genome could drive 1 efficient plasmid replication. It remained possible, however, that cells might have selected 2 fragments containing some cryptic sequence pattern meaningful for them but unidentifiable to us.
3
To test this possibility, we cloned 15 individual fragments of between 102 bp and 472 bp and 83%
4
A+T into the 2.9 kb pBSK+ plasmid and recovered them in E. coli. ARS analysis in S. pombe 5 showed that all fragments longer than 200 bp were active, ruling out the possibility that specific 6 sequence elements were required ( Figure 1B) . Also, and consistent with results in Figure 1A , none 7 of the 6 fragments approximately 100 bp long was active, probably due to their small size. To test 8 whether these fragments were active in the context of a larger plasmid, we repeated the ARS assay 9 after cloning them into the 5.3 kb pJK148 plasmid. None of the 6 fragments generated any colony 10 except the 111 bp long that generated a reduced number of very small and heterogeneous colonies
11
(data not shown). To test whether the lack of ARS activity of these fragments was indeed due to 12 their small size, we self-ligated 3 different inactive 100 bp monomers (a, b and c in Figure 1B ) 13 into dimers and trimers. Figure 1C shows that the three sets of oligomers made up of individually 14 inactive monomers reached an ARS activity comparable to that of the positive control ars1 15 depending on their size.
16
Could these ARS elements of arbitrary sequence also initiate replication in the genome? To 17 answer this question, we selected 11 fragments of between 100 bp and 700 bp and 75%, 83% or 18 90% A+T identified in Figure 1A and targeted them by homologous recombination to position Taken together, these results indicated that A+T-rich fragments of arbitrary sequence could drive 13 replication initiation as efficiently as endogenous ORIs, and confirmed the lack of the requirement 14 of a specific sequence pattern. A second conclusion was that fragments as short and 100-200 bp 15 could drive robust ORI activity, indicating that genomic ORIs could be specified by regions much 16 shorter than those found in plasmid ARS assays (Maundrell et intergenic region, making it impossible to distinguish whether independent elements could 5 contribute to ORI activity. As a first step in the functional dissection of this region, we assayed the 6 ARS activity of 5 non-overlapping fragments across the region (1, 5, 6, 7 and 8 in Figure 3A ). We 7 found that fragment 5 (321 bp and 79% A+T), which spanned the A+T island, was active, 8 consistent with results in Figure 1 ( Figure 3B ). In addition, fragment 1 (1.1 kb) displayed an even 9 higher activity despite the fact that its global A+T content was 68%, which is very similar to the 10 70% intergenic average. Cleavage of this fragment into two halves generated fragment 2, which 11 was inactive, and fragment 4, which retained over 50% of the activity. Close sequence 12 examination revealed the presence of an uninterrupted stretch of 29 adenines and thymines (29W) 13 at the 5' end of this fragment. Deletion of this element generated fragment 3 and resulted in the 14 complete loss of ARS activity ( Figure 3B ). The 29W stretch also lacked ARS activity by itself 15 when cloned into the plasmid. Fragments 6, 7 and 8 were also inactive despite their relatively 16 large size.
17
To evaluate the relative contribution of fragments 5 and 29W to ORI activity, we deleted them inactive when assayed in a plasmid. We speculated that 29W might recruit ORC through the AT- Figure 4A ). The inability of 29W to sustain ARS activity by itself 23 could explain why short elements on this kind had not been identified previously in ARS assays.
24
These results supported the hypothesis that 29W could recruit ORC to DNA and the complex and it is assumed that similar requirements would apply to genomic ORIs. In fact, size is often consequence of these results is that current estimates of ORIs in the genome should be expanded, 13 and at the same time this raises the question of why this class of ORIs has not been detected in 14 previous studies.
15 Segurado et al. (2003) found that 90% of A+T-rich islands colocalized with relatively strong ORIs
16
(see, for example, A+T island 1090 in Figure 3) . However, because that study used a lower size 17 limit of 500 bp, based on previous ARS data in the literature, many of the ORIs specified by short is likely that these conditions might have prevented the detection of a significant proportion of the 7 late-firing poly W ORIs. In any case, our results lend support to the study of Heichinger et al.
8
(2006) and we would expect some overlap between both independent predictions.
9
The presence or absence of poly W ORIs contribute to explaining why some intergenic regions 10 contain active, although low-efficiency, ORIs while some do not do so at a detectable level in Our results point to a broad diversity in the way ORIs can be specified in S. pombe. While poly W Although at a different scale, the functional organization of these regions is similar to that of the ORIs, because of their lower affinity for ORC, would be more vulnerable to the influence of these 12 parameters and would show a lower probability and a wider range of variability in their activity. 13 It has recently been proposed that the temporal pattern of activation is determined by differences 
ARS assays
21 All fragments to be tested for ARS activity were cloned in the 2.9 kb pBSK+ or the 5.3 kb Chromatin immunoprecipitation (ChIP) 9 ChIP analysis was performed as described by Pidoux et al. (2004) with some modifications.
10
Exponential S. pombe wt cells and cells carrying the ectopic 29W element in chromosome III were plasmid carrying the ISR+29W fragment grew at a much lower rate than the ars1 control plasmid.
24
Neither fragment generated any transformants when assayed independently (top panels). Samples were taken at the indicated times during S phase and the activation time of ORIs 1090,
10
31W, 39T, 41W, 33T and 28W was monitored by two-dimensional electrophoresis. The same 11 membrane was hybridized successively with probes against 1090, 31W and 28W ORIs. 
